ABSTRACT A study was conducted to evaluate the interaction among 3 levels of Ca and 4 levels of nonphytate phosphorus (NPP) on broiler performance, bone ash, and whole-body fractional retention of Ca and P. Ross male broiler-chicks (n = 420) were sorted by BW at d 1 posthatch and assigned to 5 cages/diet with 7 birds/cage. Twelve diets were arranged in a 3 × 4 factorial of 3 levels Ca (at 0.5, 0.7, or 0.9%) and 4 levels NPP (at 0.25, 0.31, 0.38, or 0.45%) with a high dose of phytase (1,150 U/kg) in all diets. On d 14, chickens were euthanized and the right tibia was collected from 3 birds/replicate; the rest of the animals were used to measure whole-body Ca and P retention. An interaction was observed between the level of Ca and NPP on feed intake (FI), tibia weight, and bone-ash content (P < 0.05). Increasing the level of NPP from 0.25 to 0.38% increased FI (P < 0.05) on chickens fed the high-Ca diet (0.9%), but not with Ca at 0.5 or 0.7%. Broilers achieved their greatest weight gain (WG) and bone formation with 0.7% Ca and 0.38% NPP. Increasing the dietary Ca decreased its fractional retention from 74% with dietary Ca at 0.5 to 46% with Ca at 0.9%. The increase in the levels of dietary P steadily increased the fractional retention of Ca from 53 to 61%, and increased the whole-body Ca content (g/kg BW). It can be concluded that a dietary level of 0.38% NPP/kg in diets containing a high dose of phytase (1,150 U/kg) and 0.7% Ca are adequate to ensure broiler performance and bone ash of broilers from d 0 to d 14 posthatch.
INTRODUCTION
Chicken growth has been accelerated during recent decades, and leg problems in the barn, as well as bone fractures during processing of the carcass, are considered major threats in the poultry industry (Chen and Moran, 1995) . Selected fast-growing strains have shown lower bone-ash content than slowgrowing strains (Williams et al., 2000) , which may suggest that diets should be higher in Ca and P than current recommendations [10 g Ca/kg and 4.5 g nonphytate P (NPP)/kg at ages 1 to 21 d (NRC, 1994) ] in order to reach skeletal integrity for modern strains.
It is generally accepted that an increase of Ca in the diet may increase bone-ash content when Ca is limiting bone mineralization (Driver et al., 2005a; Létourneau-C Montminy et al., 2008) . However, high dietary Ca has been also implicated in reduced animal performance (Sebastian et al., 1996) and interference with macromineral absorption (Simpson and Wise, 1990) . Calcium may form soap precipitates with free saturated fatty acids, thus decreasing the dietary energy digestibility (Pepper et al., 1955; Edwards et al., 1960) , and has the capacity to interact with inorganic P in the gut (Hurwitz and Bar, 1971) as well as to form a mineral-phytate complex in excess of pH 5.0. The Caphytate complex may reduce Ca absorption (Lonnerdal et al., 1989) but may also reduce the activity of endogenous and exogenous phytase (Tamim et al., 2004) . Decreasing dietary Ca may improve P utilization, while an excess of Ca may aggravate a P deficiency for ash criteria (Létourneau-Montminy et al., 2008) . Other factors, such as the high acid-binding capacity of limestone, have also been related to significant decreases in the protein and P solubility in the gizzard, and may affect N and P digestibility (Tamim and Angel, 2003; Selle et al., 2009; Walk et al., 2012b) . Therefore, different researchers have shown that a moderate reduction on dietary Ca had no deleterious effects on broiler performance [down to 0.6% (Driver et al., 2005a or 0.73% (Ziaei et al., 2008) ] and bone ash [0.75%, (Sing et al., 2013) ]. On the other hand, the amount of P necessary to sustain broilers' requirements can be provided with graded levels of inorganic P and/or phytase (Venäläinen et al., 2006; Adeola and Walk, 2013) . Higher levels than the physiological threshold needed for maximum retention are eliminated through kidneys (Manangi and Coon, 2008) , with the consequent environmental and economic threat.
The scenario becomes even more complex if we consider that Ca animal requirements are described on a total Ca basis and have usually been measured using low-soluble sources, such as limestone. Recently, highsoluble sources of Ca in the diets (Walk et al., 2012a) or different limestone particle size (Manangi and Coon, 2007) have been explored, as well as the widespread use of overdoses of phytase in the diets to maximize phytate P utilization. For example, if it is assumed that 5.1 atoms Ca are bound by one phytate molecule (Nelson, 1984) , an overdose of dietary phytase with complete hydrolyses of phytate (1% in the diet) may liberate up to 0.36% Ca, allowing for significant reductions in dietary Ca without influencing broiler performance and bone ash. Therefore, redefining Ca and NPP requirements for broilers has become a major issue for the poultry industry, with economic, environmental, and animal welfare implications.
Consequently, we tested the hypothesis that a significant decrease in the level of Ca may improve broiler performance and bone mineralization by reducing digestive interactions and improving mineral retention. The objective of this study is to establish optimum dietary Ca and NPP levels for starting broilers from their performance and bone mineralization responses to a factorial range of diets containing 3 levels Ca and 4 levels NPP plus a high dose of phytase.
MATERIALS AND METHODS
All study procedures were approved by the Animal Ethics Committee of the Universitat Autònoma de Barcelona and were in compliance with the European Union guidelines for the care and use of animals in research (European Parliament, 2010) .
Bird Management, Husbandry, Study Design, and Diets
In total, four hundred twenty 1-day-old male broilers (Ross 308) were obtained from a local hatchery, where they received in ovo vaccinations for Marek disease, Gumboro disease, and infectious bronchitis. The birds were weighed, wing tagged, and allotted to 12 dietary treatments in a completely randomized design. Each treatment was replicated 5 times in battery brooder cages with 7 chicks each. The brooder temperature was maintained at 35
• C from d 0 to d 4 posthatch, and was progressively reduced to 25
• C on d 14. The light cycle was 24L:1D from d 1 to d 2, 23L:1D from d 3 to d 10, and 18L:6D from d 11 to d 14. Feed was provided ad libitum and water was freely available.
Three calculated levels of Ca at 0.5, 0.7, or 0.9% of the diet and 4 calculated NPP levels at 0.25, 0.31, 0.38, or 0.45% of the diet were used in a 3 × 4 factorial arrangement, with 5 replicates/treatment. All diets met or exceeded the nutrient requirements for broilers (Fundación Española Desarrollo Nutrición Animal, 2008) , with the exception of Ca and available P, and fed in mash form. Diets contained 1,000 U Escherichia coli 6-phytase expressed in Trichoderma reesei (Quantum Blue, AB Vista Feed Ingredients; Marlborough, UK). The phytase activity analyzed in the diets was 1,150 Phytase unit (FTU)/kg. Not any release of Ca and/or P was attributed to the phytase addition during the diet formulation.
Growth Performance and Sampling
Birds were individually wing-tagged in order to monitor individual BW as well as the group BW at the start (0 d) and d 7 and d 14 posthatch. From these values the feed intake (FI), weight gain (WG), and G:F from d 1 to 14 were calculated. On d 14, 3 birds with the closest BW to the average cage BW were killed by cervical dislocation. The pH of the gizzard and proventriculus were recorded by immersing the electrode of a digital pH meter into the center of the lumen. The right tibiotarsus was removed, boiled, and cleaned from adherent tissue for bone-ash determination. The rest of the chicks were fasted for 2 h and killed by cervical dislocation to determine Ca and P content of the whole body. The 4 whole bodies were minced together and stored for ash, Ca, and P content determination.
Laboratory Analyses
Diets were analyzed for DM, Ca, and P. DM was determined by placing samples in a drying oven at 105
• C for 24 h. Dietary samples were digested in nitric perchloric and fluorhydric acid and subsequently analyzed for P and Ca by flame atomic absorption spectroscopy. In-feed phytase activity (U/kg) was determined by the internal, validated method of the producer (Method B-074). One phytase unit is defined as the amount of enzyme required to release 1 μmol inorganic P/min from sodium phytate at 37
• C. The tibias were defatted for 48 h in ethyl alcohol followed by a 48 h extraction in ethyl ether. They were then dried for 12 h at 110
• C and then ashed overnight at 550
• C (Brenes et al., 2003) . Ash content in the BW mince was determined following incineration of samples (8 g) for 12 h at 550
• C. Calcium and phosphorus content were analyzed using an atomic absorption and mass spectrophotometer in ash samples (0.5 g) that were digested in 5 mL nitric acid and 1 mL hydrogen peroxide using microwave digestion. 
Calculations and Statistical Analyses
Whole-body Ca and P retention was calculated using the following equation:
where G:F is the gain-to-feed ratio, [N] B is the Ca or P content in the whole body, and [N] D is the Ca or P content in the diet.
Data were analyzed by ANOVA using the GLM procedure of SAS 9.2 (Cary, NC). The main factors used in the model were Ca level and NPP level and their interaction was also included. Multiple mean comparisons were done using Tukey's correction. The study unit was the pen. The alpha level used for determination of significance was 0.05.
RESULTS
The nutrients of the diets are presented in Table 1 . It is worth noting that Ca in the diet (0.62, 0.79, and 0.96% for the 3 levels of Calcium) was higher than what was formulated as a consequence of the presence of Ca in some ingredients. The Ca content in celite (the ingredient used in the study to pair the diets) was 5.6%, and in the vitamin and mineral premix it was 13.5%, likely due to limestone usually added as an inert carrier in the premix. The analyzed P levels in diets (from 0.64 to 0.84%), and phytase activity (1,150 FTU/kg) showed also higher values than those which were calculated using the formula.
Bird Performance and Bone Mineralization
None of the birds presented any signs of rickets or died during the study. The FI and WG are presented in Table 2 . An interaction (Ca × P level) was observed on FI from d 1 to 14. Increasing the level of NPP from 0.25 to 0.38% increased (P < 0.05) the FI in chickens fed the high-Ca diet (0.9%) but not in birds fed lower levels of dietary Ca (0.7 and 0.5%). A similar pattern was observed for growth performance from d 7 to 14 (interaction, P = 0.068). The rest of the performance parameters did not show Ca × P level interactions. The chicks fed 0.7% Ca reach BW at d 14 close to the Ross standards and tended (P = 0.086) to show higher BW than birds fed 0.5 and 0.9% Ca. Added levels of P increased (P < 0.05) the growth performance, being higher for birds fed 0.38% NPP rather than it was for the 0.25% NPP diet. The pH in the gizzard and proventriculus was affected by neither the level of Ca, the level of NPP nor their interaction. The pH averaged 2.31 ± 0.06 (mean ± SEM) in the gizzard (ranging from 1.65 to 3.20) and 2.91 ± 0.15 in the proventriculus (ranging from 2.05 to 4.17).
The effects of the Ca and NPP levels on tibia weight and tibia ash content are presented in Table 3 . Tibia weight and tibia ash content were influenced by the Ca level and the P level having a significant interaction (P < 0.001 and P = 0.007, respectively). Tibia weight was the greatest in birds fed the 0.9% Ca and 0.38% NPP diet. The lowest tibia weight and ash content was observed in birds with the greatest Ca:P imbalance: 0.5% Ca with 0.45% NPP in the diet, and for 0.9% Ca with 0.25% NPP in the diet. The Ca and P wholebody content and retention are shown in Table 4 . The increase in dietary Ca decreased (P < 0.001) its fractional retention from 74% with the 0.5% Ca diet to 46% with the 0.9% Ca diet. An increase in the levels of dietary Ca from 0.5% to 0.7% decreased (P = 0.025) the whole-body Ca content (g/kg BW) and tended (P = 0.089) to decrease the P content.
Added levels of P decreased (P < 0.001) its fractional retention from 66% with the 0.25% NPP diet to 52% with the 0.45% diet. The increase in the levels of dietary P steadily increased (P = 0.015) the fractional retention of Ca from 53 to 61% with the 0.25 and 0.45% NPP, respectively, and increased (P = 0.025) the whole-body Ca content (g/kg BW), with higher values in birds fed 0.31, 0.38, and 0.45% NPP diets than it was for birds fed the 0.25% NPP diet.
DISCUSSION
The Ca level promoted differences on FI and WG, with 0.7% Ca (analyzed, 0.79%) promoting higher FI and WG than 0.9% Ca did with limiting values of NPP. Birds fed on 0.7% Ca also showed higher tibia ash and tibia weight than birds fed the 0.5% Ca diet. Then, birds exposed to diets with a medium level in Ca (0.7%) and 0.38% NPP performed the best, while higher Ca levels (0.9%) induced negative responses concerning FI and WG, which shows that a lower Ca concentration is desirable to reach better performance in starting broilers. These results agree with Driver et al. (2005b) , who described BW and feed conversion ratio optimized at 0.625% Ca in the diet. On the other hand, Rao et al. (2006) did not find differences in WG on d 14 due to variation in the dietary Ca level.
There are different reasons which may explain the negative effects of high levels of Ca on broiler performance. Calcium is known to form insoluble complexes with phytate phosphorus, which may hinder phytase activity (Angel et al., 2002) . Calcium also has the capacity to interact with inorganic P in the gut lumen to form insoluble Ca orthophosphate (Plumstead et al., 2008) , which may also make inorganic P less soluble and available for absorption in excess of pH 5.0. This effect could explain our results that the lowest performance was observed with high Ca diets containing limiting values of NPP (0.25% NPP). Some researchers have reported increases on the intestinal pH and low apparent ileal P digestibility in broilers fed diets containing a high dietary level of Ca (Sebastian et al., 1996; Adeola and Walk, 2013) . Thus, high concentrations of limestone, which is the dominant source of Ca in poultry diets with phytase, may increase the pH in the proximal gastrointestinal tract due to its high acid-binding capacity. Shafey (1999) described a limestone-induced pH increase from 5.68 to 6.24 in small intestine digesta. An increase in the crop and gizzard pH may promote Ca, phytate, and P precipitation, and it may also reduce the Ca and P digestibility (Selle et al., 2009; Walk et al., 2012a) . However, we were not able to observe differences in the pH in the gizzard and proventriculus. Gacs and Barltrop (1977) showed that some aggregations between minerals and dietary polymers in the digesta may also contribute to reduce the digestibility coefficients for protein and fat. Calcium is able to form insoluble soaps with free fatty acids and bile acids and there is some evidence that these soaps limit the absorption of fat in vivo (Gacs and Barltrop, 1977; Govers et al., 1996; Shahkalili et al., 2001 ). These soaps could lower the utilization of energy derived from lipids, particularly saturated fats, in broiler diets. Nevertheless, it is relevant that FI was reduced in the high-calcium diet, without affecting the G:F. This result could suggest that broilers may have detected these high levels of calcium, or they reduced FI in order to avoid a larger Ca and P imbalance. Some recent reports suggest that broilers are able to detect Ca in the diet (Wilkinson et al., 2012) . Tibia weight and bone mineralization were also influenced by the level of Ca, with the low-calcium diet showing the lowest bone weight and ash content. This result agrees with the result obtained by Onyango et al. (2003) , who found that bone-mineral content, bonemineral density, and percentage of ash increased linearly as the level of dietary Ca increased from 0.45 to 0.91%. However, the level of Ca interacted with the dietary level of NPP on the tibia ash percent, which confirms that high levels of Ca may affect P availability for bone mineralization. Al Masri (1995) saw that the values of dietary Ca and its ratio with P may affect P retention, with lower values of P retention when the levels of Ca in the diet are higher. Nonetheless, we did not observe this difference in the P retention with the levels of Ca used in our study, which could reflect that changes on the levels of P promoted changes on FI and growth performance of broilers, rather than changes in the fractional retention of the dietary P.
The increase on dietary Ca decreased its fractional retention, which concur with those of Mitchell and Edwards (1996) and Ziaei et al. (2008) , who reported that the reduced mineral content of diets resulted in a higher apparent retention of Ca, leading to a reduction in mineral excretion. Browning et al. (2012) show that reducing dietary Ca/available P concentrations were associated with increased efficiency of Ca retention as compared to high Ca/available P diets, which indicates a physiological response by the chicken to overcome a Ca deficiency by up-regulating its nutrient transfer and deposition infrastructure. A level of NPP at 0.38% improved the growth of chicks on d 14, with BW values close to the standard of the breed for this period (473 g BW on d 14). Added levels of NPP up to 0.38% in the 0.7 and 0.9% Ca treatments also increased bone mineralization. Ravindran et al. (1995) observed that the bone-mineralization criterion is a good, sensitive indicator of the P status of the birds. Despite phosphorus being largely contained in all of the tissue, bone is the main storage organ for P, containing 85% of the body's total P. Through its involvement in metabolic and structural processes, P is essential for animals to attain their optimum genetic potential in growth and feed efficiency as well as skeletal integrity (Applegate and Angel, 2008) . Some researchers have reported substantial differences in the NPP requirement of broilers, as compared with the 0.45% NPP level published by NRC (1994). Waldroup et al. (2000) reported that the NPP requirement for the starter phase ranges from 0.37 to 0.39%. The difference could be explained by the fact that NRC (1994) recommendations for NPP in diets for broilers are based on peer-reviewed research published between 1952 and 1983. However, modern commercial birds are very different from commercial birds prior to 1983, due in part to genetic selection, but also because management practice has changed (Havenstein et al., 1994) , as has occurred with the addition of phytase to feed. In the present study, we incorporated a high dose of a commercial phytase (analyzed at 1,150 U/kg), which it may explain the good responses at lower NPP values in the diet.
Increasing the levels of NPP from 0.25 to 0.31% NPP allowed for increases in the fractional retention of Ca, likely reflecting how body growth and bone mineralization respond to an improved Ca:P in the diet. However, it is worth stating that increases in the NPP level in the diet reduced the fractional retention of phosphorus, which is a similar response to that observed previously for increasing levels of calcium. These results could reflect a decrease in P digestibility (not analyzed in this study), but more likely this reflects an increase on the endogenous excretion of P in the urine (Al Masri, 1995) . When broilers receive P levels that are higher than the physiological threshold for maximum utilization and retention, there is the possibility that the additional P may most likely be eliminated through the kidney (Leske and Coon, 2002) . To know this threshold is important to integrators in order to avoid wasting P in the litter.
Our results confirm that young chicks respond to changes in the NPP levels in the diet in growth performance and bone mineralization. Nevertheless, the consequences of these changes in later performance and leg quality, or in the incidence of broken clavicles or bloody breast meat during processing of the carcass, were not studied. Powell et al. (2011) suggested that broilers fed lower levels of NPP in the starter phase are better able to adapt and grow at a low level of NPP in the growing phase than those fed a higher level of NPP in the starter phase. Then, it could be speculated that some of the differences observed on d 14 could be clearly reduced and mineral retention improved by feeding adequate diets during the growing and finishing periods. However, this hypothesis deserves further study.
The results reflect that an increase in the dietary levels of calcium may decrease chick growth and also may affect bone formation during the early period of growth. The effect was modified by the level of NPP in the diet, which may indicate the likely formation of insoluble calcium phosphate and Ca-phytate complexes when the gut pH and Ca:P are increased. The results of this study also emphasize the importance of formulating diets that meet or exceed P requirements of broilers, particularly when high-Ca diets are used.
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